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We present results on the energy dependence of the vibrational branching ratio for the bending mode
in CO2 3su
21 photoionization. Specifically, we determine the v15(0,1,0)/v15(0,0,0) intensity
ratio by detecting dispersed fluorescence from the electronically excited photoions. The results
exhibit large deviations over a very wide energy range, 18,hnexc,190 eV. Production of the
v15(0,1,0) level of the ion from the v05(0,0,0) ground state is forbidden by symmetry, and while
observations of such features are well established in photoelectron spectroscopy, their appearance is
normally ascribed to vibronic coupling in the ionic hole state. In this case, we find that such
explanations fail to account for the energy dependence of the branching ratio. These deviations
indicate that the continuum photoelectron participates in transferring oscillator strength to the
nominally forbidden vibrational transition. A theoretical framework is developed for interpreting the
experimental data, and Schwinger variational calculations are performed. These calculations
demonstrate that the continuum electron is responsible for the observation of the excited bending
mode as well as its energy dependence. This is an intrachannel effect that is best described as
photoelectron-induced vibronic symmetry breaking. This appears to be a general phenomenon, and
it may be useful in illuminating connections between bond angle and photoionization
spectroscopies. The magnitude of these deviations display the utility of vibrationally resolved
studies, and the extent over which these changes occur underscores the necessity of broad range
studies to elucidate slowly varying characteristics in photoionization continua. © 2001 American
Institute of Physics. @DOI: 10.1063/1.1349090#I. INTRODUCTION
The study of molecular photoionization provides an
ideal opportunity to investigate how electronic and vibra-
tional motion are correlated in fundamental scattering pro-
cesses, and one specific observation that generates consider-
able interest is the occurrence of transitions that are
nominally forbidden. One such forbidden transition is the
creation of the ion with a single quantum of vibration in a
nontotally symmetric mode, such as the bending vibration
for a linear triatomic system. In this study, we report on the
v15(0,1,0)/v15(0,0,0) vibrational branching ratio follow-
ing 3su
21 photoionization of CO2 for photon energies 18
<hnexc<190 eV. This is done by detecting dispersed fluo-
rescence from electronically excited photoions. In this paper
we expand on an initial report of this work.1 In the previous
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that the continuum electron plays an active role in the pro-
duction of the v15(0,1,0) level. In this paper, we present
theory that corroborates the main conclusions from the pre-
liminary study, and also elucidates the mechanism by which
this symmetry forbidden transition is occurring. The theory
suggests that the transition is a result of intrachannel cou-
pling with the direct participation of the continuum electron.
The analysis is bolstered by Schwinger variational calcula-
tions for the continuum photoelectron,2–4 and a key result is
that semiquantitative agreement between experiment and
theory is achieved without invoking intensity borrowing
from alternative ion-hole states. To our knowledge, this is
the first example where such an effect—i.e., photoelectron-
induced vibronic symmetry breaking—has been used to ex-
plain either the existence or the relative intensities of nomi-
nally forbidden vibronic transitions. In clarifying the
mechanism of this forbidden transition, we show that it can
be exploited for probing previously hidden aspects of the
photoionization scattering dynamics. In addition to our pre-
liminary report on these findings, this is the first study to
probe the energy dependence of vibrational branching ratios6 © 2001 American Institute of Physics
o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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dence suggests useful applications in chemical physics, as
well as in related fields.
For the present study, the experimental information
about symmetry forbidden vibronic transitions is generated
by ejecting electrons from an inner valence orbital of the
target molecule, then monitoring the fluorescence spectra as
the outer valence electron relaxes to fill the inner valence
shell vacancy. The outer valence configuration of CO2 is
...(4sg)2(3su)2(1pu)4(1pg)4, and the ionization threshold
for 3su
21 photoionization in CO2 is 18.077 eV.5 The
excitation/fluorescence sequence is given by Eq. ~1!:
CO2@X 1Su
1
,v05~0,y2,0!#1hnexc
→CO21@B 2Su1 ,v15~0,y21,0!#1e2,
↓
CO2
1@X 2Pg8v95~0,y29,0!#1hnn1v9 . ~1!
We are able to vary the experimental conditions to increase
hot band ionization, i.e., y251, or we can enhance the se-
quence with y250 by lowering the temperature. A key point
of the dispersed fluorescence measurements is that the detec-
tion bandwidth is decoupled from the excitation bandwidth.
The advantage of this decoupling is that highly resolved pho-
toion fluorescence spectra are accessible regardless of the
bandwidth of the excitation source,6,7 as opposed to photo-
electron spectroscopy, where the excitation bandwidth is the
lower limit to the detection bandwidth. The disadvantage is
that the ‘‘parentage’’ of a fluorescing level is not determined
directly, but must be inferred from other evidence. For the
present study, there are sufficient clues to infer the dominant
production mechanism of the v15(0,1,0) level based on the
thermal dependence of the branching ratios.
Observations of bending excitation @i.e., v05(0,0,0)
→v15(0,1,0)] are well documented via photoelectron
spectroscopy. An early study was performed by Wannberg
et al.8 This study used resonance lamps coupled with a pho-
toelectron spectrometer. Wang et al.5 employed a supersonic
expansion for a high resolution photoelectron spectroscopy
study of CO2, which permitted the acquisition of vibra-
tionally resolved spectra with higher quality data. However,
all of these studies have been constrained to fixed energies,
as resonance lamps were used as excitation sources. More
recently, ZEKE-PFI spectroscopy has generated much more
highly resolved data in studies of photoionization dynamics.
Merkt et al.9 have used ZEKE-PFI spectroscopy to study the
rotational substructure in bending excitation transitions in
CO2, which is invaluable in discerning the propensity rules
for angular momentum transfer accompanying photoioniza-
tion. Moreover, bending transitions have been observed in
synchrotron-based ZEKE-PFI studies of CO2 and its valence
isoelectronic analogs.10–13 However, ZEKE-PFI cannot
probe the evolution of the continuum photoelectron wave
function because such studies, by definition, are limited to
threshold.
The first attempt to elucidate the origin of a symmetry
forbidden photoionization transition using energy-dependent
data was a synchrotron radiation study by Roy et al.14 TheyDownloaded 24 Jun 2008 to 131.215.225.137. Redistribution subject tdetermined the energy dependence asymmetry parameter for
the forbidden ~1, 0, 1! level in 4sg
21 photoionization of CO2.
They ascertained that the origin of the forbidden band in the
C 2Sg
1 state photoelectron spectrum could be attributed to
interchannel vibronic coupling to the B 2Su
1 state, based on
how the asymmetry parameter for these two channels tracked
each other as a function of energy in the range 20–28 eV. In
the current paper, we will demonstrate that performing the
studies over wider spectral ranges ~i.e., ca. 200 eV! provides
a revealing perspective on the process. Indeed, the utility of
wide energy coverage for discerning the parentage of nomi-
nally forbidden transitions has been made in previous studies
on the origin of satellite spectra in inner-valence photoion-
ization by Karlsson, Holland, and co-workers.15–19 A pri-
mary goal of this study is to provide sufficient energy-
dependent information so that it will be possible to identify
the underlying cause for the production of the v15(0,1,0)
level.
Finally, we note that once the mechanism for production
of the excited bending level is understood, it can be exploited
in a variety of ways. Theoretical20 and experimental21 studies
that revealed the connection between ionization dynamics
and geometry have already generated strategies for probing
local geometric information of simple adsorbates on solid
surfaces.22–25 In order to achieve comparable progress for
complex molecular targets, vibrationally mode-specific in-
vestigations are essential. This is because such studies allow
us to test the response of the ionization dynamics to alterna-
tive vibrational motions. However, mode-specific investiga-
tions are impossible if selection rules preclude the excitation
of vibrations corresponding to the motions of interest. Thus
it is necessary to understand how rigorous the selection rules
are, and if they are not absolute, the mechanism by which
they are being violated. While synchrotron-based molecular
photoionization studies of forbidden transitions are uncom-
mon ~with notable exceptions14–19!, the present study dem-
onstrates that they are both feasible and desirable as they
highlight new connections between photoionization dynam-
ics and molecular geometry. Finally, the current study rein-
forces the need for wide spectral coverage, as deviations
cover a broad range, similar to behavior observed in a pre-
vious investigation on diatomic photoionization.26
II. EXPERIMENT
The experimental method is described in detail
elsewhere,7,27 so we focus on aspects that are pertinent to the
present study. The apparatus is shown schematically in
Fig. 1. Monochromatized synchrotron radiation intersected a
beam of gas molecules emerging from a free jet expansion.
Fluorescence from excited state ions was collected, dis-
persed, and detected. The synchrotron radiation was pro-
duced by the Louisiana State University Center for Ad-
vanced Microstructures and Devices ~CAMD! facility28 with
typical injection currents of 225 mA. The radiation from the
synchrotron was monochromatized by a plane grating
monochromator29 operated in the high-throughput mode i.e.,
the premirror angle was optimized for flux. The slits of theo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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bandwidth varying between 0.1–0.5 eV and an incident pho-
ton flux of ;531011 hn/s.
The ultrahigh vacuum of the beamline and electron stor-
age ring were separated from the sample chamber by a two-
stage differential pumping apparatus. A 2 mm i.d. capillary
intercepted the excitation photon beam at the focus of the
refocusing mirror and served as a light pipe to direct the
incident radiation to the sample. There was a gap in the
capillary of approximately 3 mm that was pumped by a 60
L/s turbomolecular pump, and the refocusing mirror section
of the beamline was pumped by a 170 L/s turbomolecular
pump. We could adjust the gas throughput until the
background pressure in the sample chamber reached
531024 Torr and still maintain the refocusing mirror cham-
ber of the beamline at P’1029 Torr. This effective differ-
ential pumping was essential, as the experiment required
relatively high resolution on a weak transition.
It was necessary to control the vibrational population of
the neutral target gas thermally in order to assess the contri-
butions of hot-band ionization transitions. The apparatus is
capable of achieving stagnation temperatures from 243 to
450 K. For high-temperature studies, the gas sample was
heated to approximately 423 K in the gas jet prior to expan-
sion and introduced into the chamber as a supersonic free jet
of the pure target gas. This achieved some rotational cooling
while keeping the vibrational temperature elevated, yielding
a sizable population of v05(0,1,0) target molecules
~;15%!. In order to reduce the hot-band contributions, the
gas jet was cooled by flowing cold methanol through a cop-
per cooling block that surrounded the gas jet. A 70 mm di-
ameter gas jet was used for these experiments, and the stag-
nation pressure was adjusted to maintain a chamber pressure
of 231024 Torr. Higher pressures were found to introduce
artifacts in the data owing to collisional effects. The fluores-
cence was dispersed by a SPEX optical monochromator
~model 500 M! equipped with a 3600 g/mm grating and de-
tected by a liquid nitrogen-cooled CCD optical multichannel
analyzer ~Princeton Instruments LN/CCD-13403400EBI).
The detector is 25 mm wide, and the reciprocal linear dis-
FIG. 1. Experimental schematic.Downloaded 24 Jun 2008 to 131.215.225.137. Redistribution subject tpersion of the monochromator at these wavelengths is 5.3
Å/mm, resulting in a fluorescence spectral range of 130 Å.
This was sufficient to include transitions from both the v1
5(0,0,0) and the v15(0,1,0) levels simultaneously. This is
useful because the vibrational branching ratios obtained in
this way are not prone to significant systematic errors, such
as variations in sample pressure. The entrance slit width of
the fluorescence monochromator was set at 550 mm, corre-
sponding to a bandwidth of 2.9 Å.
III. EXPERIMENTAL RESULTS
A portion of the CO2
1(B 2Su1→X 2Pg) fluorescence
spectrum is shown in Fig. 2. This fluorescence spectrum has
been studied extensively.30,31 The fluorescence spectrum has
two large peaks and they are both due to fluorescence from
v15(0,0,0). The ground state of CO21 is an X 2Pg state, so
spin–orbit splitting produces two terminal levels for the fluo-
rescence transition. The results are the same regardless of
which peak is used in the analysis.27 The data presented here
employ the lower-wavelength component. The v15(0,1,0)
level fluoresces to the v95(0,1,0) level, and this level, v9
5(0,1,0), is split into four components by Renner–Teller
FIG. 2. Fluorescence spectrum following CO2 3su21 photoionization, with
pertinent transitions labeled. The 211 and the 000 transitions originate from the
excited bending level @v15(0,1,0)# and the ground vibrational level @v1
5(0,0,0)# , respectively. The spectra are displayed at different stagnation
temperatures of the nozzle. As the temperature is increased, the population
of the ~0, 1, 0! level in the sample gas increases. Ionization of this level
creates the ion in the v15(0,1,0) level, so the intensity of the 211 ionic
fluorescence transition grows relative to that of the 000 transition.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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seen in the spectra generated at different stagnation tempera-
tures in Fig. 2. The 21
1 fluorescence transition is growing
significantly as the temperature is increased, indicating that
hot band ionization @i.e., photoionization of the v05(0,1,0)
level# is increasing. The three processes that need to be con-
sidered are sketched in Fig. 3. The dominant process is cre-
ation of the B 2Su
1
,v15(0,0,0) level by ionization of
ground vibrational state target molecules ~left frame!. The
two pathways that create the B 2Su
1
,v15(0,1,0) level re-
sulting in the 21
1 fluorescence transition are the nominally
forbidden photoionization transition ~right frame! and hot-
band photoionization ~middle frame!.
A useful way to illustrate the relative importance of the
alternate routes creating the v15(0,1,0) level is to study the
energy dependence of the intensity ratio as a function of
stagnation temperature. This is done in Fig. 4 for the energy
range 20<hnexc<100 eV. These intensity ratio curves are
scaled to one another for the purpose of comparison. The
principal result from Fig. 4 is that there is a significant con-
tribution from the nominally forbidden pathway responsible
for creating the CO2
1@B 2Su
1
,v15(0,1,0)# at the lower stag-
nation temperatures. If only the hot-band mechanism were
operative, all of these curves would parallel each other. The
fact that they display significant differences as the tempera-
ture is lowered demonstrates that the nominally forbidden
pathway can be probed. However, the low-temperature limit
has not been reached at 243 K, the lowest temperature for
which data were acquired. The 243 K data still have a con-
tribution from hot-band ionization.
FIG. 3. Cartoon view illustrating the pertinent excitation/fluorescence path-
ways employed in this study.Downloaded 24 Jun 2008 to 131.215.225.137. Redistribution subject tInspection of the lowest temperature result ~243 K! in
Fig. 4 shows that the ratio is still increasing at the highest
energy (hnexc5100 eV). As a result, we acquired data to
higher energies at 243 K, and the v15(0,1,0)/(0,0,0) ac-
quired over the photon energy range 18<hn<190 eV is pre-
sented in Fig. 5. This is a primary result of this investigation,
and the implications are described in the following sections.
For now, we simply catalog some of the observations. First,
the strong deviations in the branching ratio persist over the
whole range. There is a pronounced dip at hnexc’21 eV.
Additionally, a strong maximum appears near hnexc
’36 eV. Finally, one of the most intriguing results is the
very broad rise in the branching ratio extending from 80 eV
<hnexc<200 eV. Theoretical results are also given in Fig. 5,
but we defer the discussion of the comparison between ex-
periment and theory until the theoretical approach is covered
in the following section.
As mentioned previously, the ~left! y axis for the experi-
mental data in Fig. 5 refers to the fluorescence intensity ratio
for the two features labeled in Fig. 2. Even if there were no
hot-band contributions to the production of the v15(0,1,0)
level, this ratio would not be equal to the ~0,1,0!/~0,0,0!
branching ratio. Fluorescence transitions from alternative vi-
FIG. 4. Branching ratio for bending excitation following CO2 3su21 photo-
ionization. These results are obtained by taking the 211/000 fluorescence in-
tensity ratio ~see Figs. 2 and 3! as a function of energy. Results are shown at
several stagnation temperatures to illustrate the importance of the vibra-
tionally forbidden transitions at the lower temperatures.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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pending on a number of factors ~e.g., Franck–Condon factors
connecting upper and lower levels, different predissociation
rates, etc.!.27,32
IV. THEORY
Previously,1 we found that vibronic coupling involving
intensity borrowing from alternative ionic hole states was not
sufficient to explain the energy dependence of the vibrational
intensity ratio observed in Fig. 5. Specifically, it was shown
that the energy-dependent vibrational branching ratio should
track the X 2Pg/B 2Su
1 electronic branching ratio33 if the
usual interchannel coupling picture was assumed. In fact, the
data did not support this approach. Thus, we attempt to
clarify the origin of the forbidden transition with an alterna-
tive approach. According to Herzberg,34 an electronic transi-
tion is forbidden if the fixed-nuclei dipole matrix element
~with the molecule in its equilibrium structure! connecting
the initial and final states is zero. If the inclusion of the
vibrational part of the Born–Oppenheimer molecular wave
function in the dipole matrix element leads to a nonzero
dipole matrix element, then this is referred to as a ‘‘type ~a!’’
vibronic interaction and the transition can be observed. In the
context of photoionization, such a type ~a! vibronic interac-
tion is a type of non-Franck–Condon effect involving mo-
lecular vibrations that lower the symmetry of the molecule.
Thus, in the photoionization of CO2, it is possible to observe
forbidden vibronic photoionization processes involving the
excitation of the bending or antisymmetric stretching modes.
FIG. 5. Branching ratio for bending excitation following CO2 3su21 photo-
ionization. These results are obtained by taking the 211/000 fluorescence in-
tensity ratio ~see Fig. 2! as a function of energy at the lowest stagnation
temperature used in this investigation ~243 K!. The theory curve is discussed
in the text.Downloaded 24 Jun 2008 to 131.215.225.137. Redistribution subject tTo our knowledge, the effects of a ‘‘type ~a!’’ vibronic in-
teraction have never been quantified for a photoionization
transition i.e., with explicit consideration of the effects of the
continuum electron. As a result, such an effect has never
been identified unambiguously as a production mechanism
for a nominally forbidden vibrational transition in photoion-
ization. The possibility of such an intrachannel mechanism
was suggested by Stimson et al.,11 where they noted that a
Franck–Condon breakdown might be responsible for the ob-
servation of singly excited bending levels in ZEKE-PFI
spectra of OCS. The importance of this picture—i.e.,
Franck–Condon breakdown as suggested previously11 and
quantified here—is that the ‘‘type ~a!’’ mechanism is an in-
trachannel phenomenon, i.e., no oscillator strength is trans-
ferred between alternative electronic channels. The key point
is that the computation is performed within the Born–
Oppenheimer framework, which is conceptually and compu-
tationally straightforward. In the next section, we use this
approach to compute the cross section for the forbidden
photoionization of the v05(0,0,0)X 1Sg1 state of CO2, lead-
ing to the v15(0,1,0)B 2Su1 state of CO21 . These results
will be combined with the computed cross sections for the
corresponding v05(0,0,0)→v15(0,0,0) and v05(0,1,0)
→v15(0,1,0) photoionization processes to yield
temperature-dependent emission branching rations that can
then be compared to the experimental data.
A. Explicit form of the vibronic matrix elements
To consider the effects of the type ~a! vibronic coupling
in the photoionization of CO2, we will only treat the degen-
erate bending motion and neglect the stretching motions. In
Fig. 6 we give the coordinate definitions for the various
angles that we need to consider. We have drawn the angles
of the molecule and the photoelectron relative to a fixed
frame of reference in which the axis perpendicular to the
figure is the a axis, which is the principal axis of the mol-
ecule that coincides with the molecular axis when the mol-
ecule is linear. The angle fk8 is the angle between the vector
given by the intersection of the plane of the molecule and the
plane perpendicular to the a axis given in Fig. 6 and the
vector that is the projection of the direction of the photoelec-
tron into the plane perpendicular to the a axis. The angle fk
is the corresponding angle between the projected direction of
the photoelectron and the fixed molecular frame axis. We
will use the corresponding definitions for fn8 and fn to de-
fine the orientation of the polarization of the light. The angle
g is the angle between the molecular plane and the fixed
molecular frame axis. The angle g thus describes vibrational
angular motion that will be characterized by the vibrational
angular momentum quantum numbers l i and l f in the initial
and final states, respectively. The last coordinate is the coor-
dinate x that will be used to indicate the displacement of the
C atom from the a axis.
All calculated photoionization amplitudes are computed
with the molecule oriented such that g50. In this orienta-
tion, the amplitude for photoionization has the partial-wave
expansion of the formo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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l ,m ,m
I lmm~x ,g50 !Y lm* ~kˆ !Y 1m* ~ nˆ !, ~2!
where kˆ is the direction of emission of the photoelectron and
nˆ is the direction of the polarization of the light. The ampli-
tude for photoionization with an arbitrary value of g can then
be obtained by rotation about the a axis to give
f ~kˆ , nˆ ,x ,g!
5 (
l ,m ,m
I lmm~x ,g!Y lm* ~ukˆ ,fkˆ2g!Y 1m* ~u nˆ ,f nˆ2g!, ~3!
where we have assumed that the electronic initial and ion
states have S symmetry. Using the properties of the spherical
harmonics, this can be written as
f ~kˆ , nˆ ,x ,g50 !5 (
l ,m ,m
I lmm~x ,g50 !ei~m1m!gY lm* ~kˆ !Y 1m* ~ nˆ !.
~4!
If the initial and final bending states are written as
xv i ,l i
(i) (x)eilig and xv f ,l f
( f ) (x)eil fg, then the vibrationally aver-
aged amplitude is given by
f ~ f←i !~kˆ , nˆ !5^xv i ,l i
~ i ! ~x !eiligu f ~kˆ , nˆ ,x ,g!uxv f ,l f
~ f ! ~x !eil fg&x ,g .
~5!
If the vibrationally averaged amplitude is partial-wave ex-
panded in the form
FIG. 6. Coordinate system used in the derivation of the vibronic matrix
elements. The axes given here define a fixed molecular frame plane that is
perpendicular to the molecular a axis. The vector k is the projection of the
photoelectron direction in the plane of the figure. The molecule is drawn as
its projection in the plane. The distance x is the displacement of the C atom
from the a axis. The angle g is the angle between the plane of the molecule
and the fixed molecular frame axis and thus describes the vibrational angular
motion. The angle fk is then the angle between the projection of the direc-
tion of the photoelectron in the plane and the fixed molecular axis. The
angle fk8 is the corresponding angle between the projection of the direction
of the photoelectron in the plane of the figure and the plane containing the
molecule.Downloaded 24 Jun 2008 to 131.215.225.137. Redistribution subject tf ~ f←i !~kˆ , nˆ !5 (
l ,m ,m
I l ,m ,m
~ f←i !Y lm* ~kˆ !Y 1m* ~ nˆ !, ~6!
the vibrationally averaged partial-wave amplitudes are then
given by
f lmm~ f←i !
5^xv i,l i
~ i ! ~x !eiliguI lmm~x ,g50 !ei~m1m!guxv f ,l f
~ f ! ~x !eil fg&x ,g.
~7!
Equation ~7! can then be integrated over g to give
l lmm~
f←i !5^xv i ,l i
~ i ! ~x !uI lmm~x ,g50 !uxv f ,l f
~ f ! ~x !&xd l i ,l f 1m1m . ~8!
The matrix elements given in Eq. ~8! are then used to com-
pute the orientationally averaged cross sections in the usual
manner.35
Finally, we comment on how the nominally forbidden
transitions to the v15(0,1,0) level become allowed, and
even enhanced. In Eq. ~8! the matrix elements that give the
intensity of allowed vibronic transitions have m1m50. In
the equilibrium linear geometry for ionization from the 3su
orbital in CO2, the only nonzero values of I lmm have even
values of l and m1m50, thus only they lead to the allowed
transitions. Intensity leading to the forbidden vibronic tran-
sition v05(0,0,0)→v15(0,1,0) is obtained from matrix el-
ements with l i50 and l f51. Thus, for the forbidden transi-
tion we have m1m521. As the molecule bends, one finds
nonzero values of I lmm with m1m521 and with odd values
of l. Which combinations of l, m and m lead to nonzero
matrix elements is controlled by the symmetry of the bent
molecule, C2v in the case of CO2. Note that this formulation
will lead to nonzero values of I lmm if and only if we do not
factor the electronic part from the vibrational part, i.e., if we
do not invoke the Franck–Condon approximation following
Eq. ~8!. As will be discussed later, the matrix elements lead-
ing to the forbidden transitions can be enhanced by the pres-
ence of a resonance in the scattering continuum, thus leading
to the resonance enhanced forbidden transitions.
B. Calculated results
The target wave function for CO2 was a Hartree–Fock
wave function computed using the Gaussian code36 with an
aug-cc-pVTZ basis set.37,38 Four geometries were computed
with the angle /O–C–O having the values 180°, 175°, 170°,
and 165° and R~C–O!51.1612 Å.34 The corresponding
fixed-nuclei photoionization cross sections for ionization
leading to the 3su
21B 2Su
1 state of CO2
1 were computed us-
ing the Schwinger variational method with all matrix ele-
ments evaluated with the single-center expansion method.
All calculations were performed using the single-channel
frozen-core Hartree–Fock approximation ~SCFCHF!. This
method has been discussed in detail previously and will not
be discussed further here.35,39,40 In all matrix elements, the
wave functions were expanded up to a partial wave of lmax
520 and all terms were retained in the expansions of the
static and exchange integrals consistent with this value of
lmax . All calculations were done with the C atom as theo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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invariant to the translation of mass of the molecule. Thus,
they should be the same with the center of the single-center
expansion at the C atom or at the center of mass of the
molecule. This is not strictly true in our calculations due to
the numerical approximations inherent in the single-center
expansion. The bending vibrational wave functions were
taken to be the two-dimensional harmonic oscillator func-
tions using a harmonic frequency of 667.4 cm21.34
In Fig. 7 we give the cross sections for the v05(0,0,0)
→v15(0,0,0), v05(0,0,0)→v15(0,1,0), and v0
5(0,1,0)→v15(0,1,0) photoionization of CO2 leading to
the 3su
21B 2Su
1 state of CO2
1
. Previous calculations using
the SCFCHF approximation have found2 a narrow resonance
that occurs in the su continuum at a photoelectron kinetic
energy of about 24 eV. This feature is not observable in the
3su
21 photoionization of CO2 without invoking bending, ow-
ing to violation of the g↔u selection rule, but it is well
known for 4sg
21 photoionization of CO2. Additional studies
have shown that averaging over the vibrational state3,41 and
including interchannel coupling4 increases the width of this
feature in the cross section. Thus, in the ionization leading to
the 4sg
21C 2Sg
1 state of CO2
1 with an ionization energy ~IE!
of 18.2 eV, there is a prominent shape resonance at a photon
energy of 42 eV. In the photoionization of CO2 computed
using the fixed-nuclei approximation in the linear geometry,
there is a broad feature in the ionization leading to the
3su
21B 2Su
1 state of CO2
1 at around a photon energy of 40
eV. This feature is evident in the v05(0,0,0)→v1
FIG. 7. Cross sections for the v05(0,0,0)→v15(0,0,0), v05(0,0,0)
→v15(0,1,0), and v05(0,1,0)→v15(0,1,0) photoionization of CO2
leading to the 3su21B 2Su1 state of CO21 .Downloaded 24 Jun 2008 to 131.215.225.137. Redistribution subject t5(0,0,0) and v05(0,1,0)→v15(0,1,0) cross sections
shown in Fig. 7. When the molecule is bent, the 3su orbital
acquires a small amount of pg character and the resonant su
state acquires a small amount of pg character, thus allowing
there to be intensity leading the su resonant state. This is the
source of the narrow feature seen in the computed v0
5(0,0,0)→v15(0,1,0) cross section shown in Fig. 7.
In Fig. 8 we give the predicted temperature-dependent
ratio of the population of v15(0,1,0) to v15(0,0,0) in the
3su
21B 2Su
1 state of CO2
1
, assuming that only the three cross
sections shown in Fig. 7 contribute and assuming that the
population of the initial vibrational state is given by a ther-
mal distribution at the indicated temperature. We can see that
the peak to background ratio of the feature at 46 eV dramati-
cally decreases as the temperature increases, as seen in the
experiment. Finally, returning to Fig. 5, we compare the T
5243 K prediction to the unnormalized experimental data
obtained with a stagnation temperature of 243 K. We can see
that there is fair agreement between experiment and theory in
this figure. The calculations are fairly simple and thus there
are a number of possible sources for the discrepancy between
theory and experiment. There are correlation effects such as
interchannel coupling and initial and final state correlation.
There are also neglected effects due to the symmetric and
antisymmetric stretching modes. Both of these effects are
FIG. 8. Theoretical ratio of the population of v15(0,1,0) to v15(0,0,0) in
the 3su21B 2Su1 state of CO21 as a function of the initial vibrational tem-
perature.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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thus should improve the agreement between experiment and
theory.
V. DISCUSSION
A. Overview
The results shown in Fig. 5 are encouraging, and it is
useful to summarize some of the lessons that can be ex-
tracted from these data. First, we see that calculations at the
independent particle level of approximation ~i.e., Hartree–
Fock in the continuum! is sufficient to reproduce the major
trends in the experimental data. This is a novel and surpris-
ing result, as the excitation of the bending vibration with a
single quantum is a nominally forbidden transition and inter-
channel effects are usually invoked to explain such observa-
tions. This mechanism, photoelectron-induced vibronic sym-
metry breaking, appears to be generally applicable, and
might even be extended to analogous ~nominally! forbidden
ionization transitions in nonlinear systems. We emphasize
that generating the energy-dependent data is extremely use-
ful in guiding us to the underlying physics of the process.
Second, the ‘‘low’’ energy results show sensitivity of shape
resonance to bond angle. While it is well established that
shape resonances are affected by changes in bond length,
there has been little, if any, attention paid to possible corre-
lations between shape resonant ionization dynamics and
other types of mode-specific nuclear motions.41 Finally, the
dependence of the vibrational ratio at high energies is very
curious. Indeed, the ratio is still rising even at photon ener-
gies above 190 eV ~i.e., more than 170 eV above the thresh-
old!. It is not clear if the vibrational ratio has leveled out at
these highest energies, or if it is still rising. While the broad
features at low energy are almost certainly due to shape reso-
nant channels, the higher-energy behavior is not yet as-
signed, and it requires further scrutiny to interpret. In a pre-
vious study on photoionization for N2, we found that the
vibrational branching ratios varied over a similarly expansive
range, owing to the sensitivity of Cooper minima to internu-
clear separation.26 It is possible that a related phenomenon is
manifested in the CO2 case.
While the agreement between experiment and theory is
good, a few words of caution are in order. First, it could be
that more than a single mechanism is responsible for creation
of the v15(0,1,0) vibrational level, including interchannel
coupling effects. Indeed, in the previous work of Roy et al.
on 4sg
21 photoionization of CO2,14 their interpretation of
interchannel coupling was successful in explaining the en-
ergy dependence of the photoelectron asymmetry parameter
for the v15(1,0,1) level. An implication is that interchannel
effects could be playing a role in the current study, as well.
Second, the agreement between experiment and theory is
rather good, but there are disagreements that require further
scrutiny. In particular, the enhancement in the vibrational
ratio occurs at higher energy in the theoretical treatment.
This could indicate that the theory is overestimating the con-
tribution of the symmetry-breaking ksu continuum channel,
and underestimating the effect of bond angle on the ksg
channel. Similarly, on the experimental side, the study wouldDownloaded 24 Jun 2008 to 131.215.225.137. Redistribution subject tbenefit from lower vibrational temperatures to reduce the
hot-band transition even further. While these lower-
temperature studies are desirable, it is important to note that
the main features are reproduced well in Fig. 5 with the
current experimental results.
B. Connections to related spectroscopies
Photoionization dynamics play a central role in VUV
and soft x-ray spectroscopy. In particular, an understanding
of shape resonant dynamics for valence shell processes has
not only developed fundamental insights into scattering
theory, but also helped to clarify applications of XANES
spectroscopy.23 Indeed, the early theoretical20 and experi-
mental work21 into Franck–Condon breakdown following
valence-shell shape resonant excitation has been exploited as
a tool to develop XANES for probing geometry changes of
adsorbates on solid surfaces.22–25 For polyatomic systems,
however, there is comparatively little work on vibrationally
state-resolved valence shell photoionization, and the current
work provides qualitatively new material to such studies. Re-
search on polyatomic systems have been shown to address
novel issues, as experiment32,42 and theory43,44 demonstrated
that vibrationally mode-specific effects were exhibited in
N2O 7s21 photoionization. This idea was similarly applied
to CS2.45 Mode-specific investigations of polyatomic sys-
tems are extremely useful because one can test the response
of the ionization dynamics to specific vibrational motions.
There have been only a few polyatomic systems that have
been characterized at energies more than 10 eV above
threshold with vibrational resolution: N2O,32,42–44,46 SiF4,47
CS2,48 CF4,49 C2~CN!2,50 and C6F6,51 and most of these stud-
ies have focused on stretching ~or analogously, breathing!
motions. In the current study we extend those earlier results
in a significant way by showing how previously neglected
vibrational modes can be exploited for such mode-specific
investigations. Vibrationally state-resolved studies elucidate
connections between ionization dynamics and bond angle
changes, and this can be useful in extending our understand-
ing of core-shell spectroscopies, including XANES and
EXAFS.
VI. CONCLUSIONS
We report studies on the deposition of vibrational energy
for a forbidden vibrational mode following 3su
21 photoion-
ization of CO2. This was accomplished using vibrationally
resolved dispersed fluorescence detection following photo-
ionization, and the results demonstrate that the excited bend-
ing vibration is excited with an energy dependence that is
surprising. In particular, theory and calculations indicate that
the major energy-dependent features and trends can be ex-
plained rather well using a framework at the Hartree–Fock
level of detail, i.e., no interchannel interactions are included.
This explanation, photoelectron-induced vibronic symmetry
breaking, has not been invoked previously to explain the
existence of nominally forbidden transitions in photoelectron
spectra, and it appears that such effects might be compara-
tively common. Refinements to the theory and the experi-
ment are possible, and both are underway.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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